The wide use of lithium ion batteries (LIBs) has brought great numbers of discarded LIBs, which has become a common problem facing the world. In view of the deleterious effects of spent LIBs on the environment and the contained valuable materials that can be reused, much effort in many countries has been made to manage waste LIBs, and many technologies have been developed to recycle waste LIBs and eliminate environmental risks. As a review article, this paper introduces the situation of waste LIB management in some developed countries and in China, and reviews separation technologies of electrode components and refining technologies of LiCoO 2 and graphite. Based on the analysis of these recycling technologies and the structure and components characteristics of the whole LIB, this paper presents a recycling strategy for all components from obsolete LIBs, including discharge, dismantling, and classification, separation of electrode components and refining of LiCoO 2 /graphite. This paper is intended to provide a valuable reference for the management, scientific research, and industrial implementation on spent LIBs recycling, to recycle all valuable components and reduce the environmental pollution, so as to realize the win-win situation of economic and environmental benefits.
Introduction
With economic and electronic industry development, waste electrical and electronic equipment (WEEE) has been a global issue (Yao et al., 2013) . As a kind of device for energy conversion and storage, the battery converts chemical energy into electrical energy, and powers varieties of electrical and electronic equipment (EEE). With excellent electrochemical performance, lithium ion batteries (LIBs) have been widely used in wireless communication devices, portable instruments, and household and industrial applications . LIBs are also regarded as an alternative to lead-acid batteries, nickel-cadmium (Ni-Cd) batteries, and nickel-metal hydride (NiMH) batteries for powering the next generation of electric vehicles (hybrid electric vehicles, plug-in hybrid vehicles, or fully electric vehicles) (Chen et al., 2017; Wang et al., 2016a) . The worldwide rechargeable LIBs market was US$11.8bn in 2011, and was expected to increase to US$50bn by 2020 (Zou et al., 2013) . As an important country of battery manufacture, China produced 4.8 billion LIBs in 2013, and was expected to produce 25 billion LIBs in 2020 (Zeng et al., 2012) .
The average life-span of LIBs is 1-3 years. After the use phase, large numbers of obsolete LIBs enter the waste stream. It is estimated that the total weight of these discarded batteries in China will surpass 500,000 tons in 2020 (Zeng and Li, 2013 ).
Combustible and toxic elements or compounds in waste LIBs may lead to serious risks to the environment and human health if discarded LIBs are improperly treated (Zheng et al., 2016) . Meanwhile, recycling of valuable components from LIBs could not only relieve the pressure of environmental contamination, but also generate remarkable economic and social benefits (Fan et al., 2016; Joo et al., 2016) . Taking China for instance, based on the assumption that 500,000 tons of LIBs in 2020 could be fully recycled, by theoretical calculation, about 90,000 tons of Fe, 45,000 tons of Cu, 15,000 tons of Al, 60,000 tons of Co, 75,000 tons of Li, and 35,000 tons of plastics can be recovered (Zeng et al., 2015) . In combination with the current market average prices of related resources (Ciez and Whitacre, 2016; Zeng et al., 2016) , these recovered materials from spent LIBs can bring about a recycling potential of US$3.18bn. Using scrap materials from spent LIBs in place of virgin materials can release heavy burden of industrial raw material shortage, save water and energy, and reduce waste generation (Cui and Forssberg, 2003; Yu et al., 2014) .
In consideration of the huge number, environmental issues and resource characteristics of waste LIBs, many countries enacted rules and regulations to improve waste LIBs management (Amato et al., 2017; Corsini et al., 2017; Ongondo and Williams, 2011; Salhofer et al., 2016) . Since early this century, China has taken steps to meet the situation, and has made some achievements (Li et al., 2016a; Yu et al., 2014; Xu et al., 2016a; Zhang et al., 2015a) .
Along with reinforced waste LIBs management, lots of scientists have developed series of waste LIBs recycling technologies, in order to recycle valuable materials and eliminate environmental risks. Most of these studies focused on the recovery of cathode materials to obtain high value metals (Bahaloo- Horeh and Mousavi, 2017; Pagnanelli et al., 2017; Zheng et al., 2016 Zheng et al., , 2017 , while studies on the recycling of anode materials from waste LIBs are relatively few.
This paper presents the current situation of spent LIB management in some countries, and reviews spent LIB recycling and treatment technologies. Based on the analysis of these recycling technologies, a full-components recycling strategy is put forward in this work in consideration of the structure and components of LIBs. This work can provide a valuable reference for the management, scientific research, and industrial implementation on spent LIB recycling.
The situation of spent LIB management
Given the enormous quantity, great harm, and resource properties, some countries have taken necessary measures to manage WEEE, including waste LIBs, and achieved remarkable effect.
European Union
The European Union (EU) was the first region that focused on waste battery recycling and took measures to enact special laws and provisions about waste batteries (Torretta et al., 2013) . The Directive 2006/66/EC of the European Parliament and the Council on batteries and accumulators and waste batteries was announced on 28 September 2006 and put into effect on 28 September 2008. The Directive (2006/66/EC) specified the effective collection and recovery efficiency of waste batteries, and all member states were required to have an obligation to improve the recovery rate of waste batteries from 25% in 2012 to 45% in 2016 (Directive, 2006) . According to the Directive, the lowest recovery efficiency of lithium ion batteries should be more than 50% of the average weight. In addition, the Directive (2006/66/EC) regulated the management of battery manufacturers and dealers, including the obligation of battery producers and dealers to recover all waste batteries and classify them according to the logo on batteries. Further, WEEE Directive (2012/19/EU) was announced and put into effect on 24 July 2012, which required that 75% of waste mobile phones (waste LIB-containing) should be reused and recycled by 2018 (Directive, 2012) . Based on these Directives, EU member states set up independent and formal regulations, in accordance with their own situation.
As an advanced country in recycling and reuse of waste batteries, Germany actively implemented the Directive 2006/66/EC and WEEE Directive (2012/19/EU) and formed the legal system for the management of waste lithium batteries after years of effort and development (Corsini et al., 2017; Welfens et al., 2013) . In order to achieve a relatively high recovery target, the Producer Responsibility System was established in Germany, and the system has been adopted by the EU in waste management (Sina Blog, 2014) . The German government made it law that battery producers or their third parties must provide the funding to pay for net costs and corresponding publicity costs of waste battery collection, treatment and recycling. The "Common recovery system" (GRS) foundation was set up by battery manufacturers and the association of electronics manufacturers in 1998, which was the largest portable battery recycling organization in Europe. In 2015, the GRS foundation recovered 45.9% of all waste portable batteries in Germany. The re-utilization rate of these recovered LIBs was up to 100% (ESCN, 2017) .
As an important member state in the EU, the UK transposed the majority of provisions of the WEEE Directive into the WEEE regulations, which were put into practice on 1 January 2007. According to the WEEE regulations of the UK, imperative measures were taken to manage and recycle waste WEEE containing LIBs. Charities, manufactures, retailers, network operators, and RRR (reuse, recycling and refurbishing) companies launched at least 102 online programs for waste mobile phones (waste LIBs included) by 2009 (Ongondo and Williams, 2011) . Waste mobile phones containing LIBs were collected using in-store, courier, and postal services in these programs. In the UK, most of the collected mobile phones were refurbished and reused, and waste LIBs were sent to specialized factories for treatment through appropriate technologies (CCTV, 2016) .
Other member states also took active part in recycling and management of waste LIBs. As early as January 1995 in The Netherlands, one rule specified that mobile phone battery manufacturers and importers have full responsibility for collecting and processing their products. In Denmark, Sweden, and other countries, all battery retailers were required to recycle waste batteries, and governments levy battery sales a special sales tax from 6% to 8%, according to the type of batteries, and use the tax to pay for the recovery, transportation, and processing costs of these batteries. The measure gave financial support for the work of battery manufacturers and retailers, and increased their enthusiasm to participate in recycling of batteries. According to statistics, the recovery rate of old batteries and mobile phone batteries in Sweden has reached 95%, and the recovery rate in Denmark has exceeded 75% (Sohu finance and economics, 2008).
United States
As a typical federal system country, the US had no federal law for the management of WEEE. However, some states in the US have introduced their own legislations of WEEE (waste LIBs included). California and New York are the pioneers of LIB recycling in the US (Silveira and Chang, 2010) . "The United States rechargeable battery recycling company" (RBRC), a non-profit public service organization, is responsible for the whole waste LIB recovery system (Silveira and Chang, 2010; Xu et al., 2016b) .
Since December 2006, New York has required all retailers selling rechargeable batteries to take full responsibility for waste LIB recycling. The store can directly ask for free waste LIB containers from RBRC and place a sign at the entrance of the store saying "It is illegal to discard the rechargeable battery as solid waste. We accept the used battery in order to return to the manufacturer." As the sign of the RBRC said, those people who arbitrarily discard rechargeable batteries or mixed batteries in the domestic garbage will be fined US$200 in New York. Additionally, LIB manufacturers are also required to attach labels to LIB products, so as to teach people to recycle used batteries in New York.
More importantly, the United States has emphasized public education in WEEE management for many years (Silveira and Chang, 2010) . Children have been taught the knowledge and practice of recycling batteries since they were in elementary school, which benefited the management of waste LIBs.
Japan
It was known that Japan has developed advanced technologies in electronic industry. With the generation of large amounts of WEEE, Japan has formulated several laws or regulations for the management and recycling of it. In 2001, the "Law for the Promotion of Efficient Utilization of Resource" was approved by the Japanese parliament and put into effect. This law mainly aimed at the recovery and reuse of small rechargeable batteries (including lithium batteries). According to this law, all communications companies, mobile phone and battery manufacturers should be responsible for recycling scrap mobile phone batteries, regardless of whether the waste batteries were produced or sold by the company (Ministry of the Environment of Japan, 2001). With the increasing amount of small household appliances, the "Law on the Promotion of Recycling and Reuse of Used Small Electronic Equipment" was approved on 3 August 2012, and put into effect on 1 April 2013 by Japan's upper house. Its specific directory contained 28 types of small electronic products (including LIBs) (Ministry of the Environment of Japan, 2013). With the two laws, government, manufacturers, retailers, consumers, processing enterprises, and mobile phone operators all had the responsibility to carry out the recycling activities of waste LIBs (Kiddee et al., 2013; Silveira and Chang, 2010; Terazono et al., 2015; Xu et al., 2016a) .
In addition, the laws required that the qualification accreditation system should be established for the enterprises collecting waste mobile phones. The collection device should be equipped with security settings to prevent the leakage of personal information in the phones. For instance, in October 2007, KYOCERA, SONY, and 22 other major Japanese telecommunications companies, mobile phone, and battery manufacturers set up the Lithium Battery Autonomous Promotion Association. The association stated that relevant Japanese manufacturers should be responsible for promoting the independent recycling work of waste mobile phone lithium batteries and waste computer lithium batteries, with the goal to recover 100% lithium batteries. The organization's website can not only introduce lithium battery recycling methods, but also keep updating waste lithium battery recycling statistics of these major companies. By 18 January 2008, SANYO had recycled 1,300,000 waste mobile phone lithium batteries with a recovery rate of 79.5%. Matsushita recycled 160,000 waste mobile phone lithium batteries with a recovery rate of 48.5% (IC72, 2008) .
China
In view of the serious environmental problems caused by waste LIBs and valuable materials in waste LIBs, China has paid great attention to them, and has actively taken measures to management waste LIBs.
The List of Wastes Prohibited for Import based on the Basel Convention is the first legal document related to WEEE management in China, and was released in 1996. Waste batteries are on the list. In 2003, the State Environmental Protection Agency of China, together with nine other government agencies, co-issued a policy on battery recycling called the "Policy on Pollution Prevention Techniques from Waste Batteries." The policy required that battery industries should take responsibility for collecting waste batteries and for proper labeling (MEP, 2003) .
The companies China Mobile, Motorola and Nokia launched a recycling campaign, "Green Box Environmental Program," in December 2005 to recycle waste mobile phones and accessories (waste LIBs included). Six other cell-phone manufacturers joined the campaign the year after. The campaign collected more than 150 t of phones and LIBs in 300 cities in China (Zeng et al., 2015) .
During June 2009 to December 2011, China launched a program called "Old for New" for Household Appliances, which laid a solid foundation for establishing a formal WEEE collection and recycling system in China. In addition, some web-based recycling companies launched the old-for-new service of WEEE. For instance, "Love Recycling Network" has established more than 200 service points in China, built a 5000-member service team to cover the business in many cities in China and recycled more than 20 million units of WEEE containing LIBs since 2011 (Love Recycling, 2017) .
In 2012, relevant Chinese government departments issued the "Administrative Measures on the Collection and Using of Waste Electrical and Electronic Equipment Treat Fund," which stipulates that manufacturers or importers are responsible for the fund collection. This fund is used to enable qualified enterprises for the recycling of WEEE. The Fund has been successfully applied in the recycling of air conditioners, TV sets, refrigerators, washing machines and computers (Yu et al., 2014) .
With the soaring increase of small WEEE, the "Directory of Waste Electrical and Electronic Equipment Treatment (2014)" (including LIBs) was introduced in February 2015 and put into effect in March 2016, which means that waste LIBs were officially added to the scope of the Fund (NDRC, 2015) . This would increase the enthusiasm of the qualified enterprises of WEEE to collect and recycle waste LIBs. Currently, there were 109 licensed recycling enterprises, which can process 4 Mt of WEEE every year in China .
The New Policy on Pollution Prevention Techniques from Waste Batteries was released by the Ministry of Environmental Protection (MEP) on 26 December 2016, which regulates the collection, transportation, storage, utilization, and treatment of waste LIBs (MEP, 2016) . The main contents of this legislation are as follows.
1. Mixed waste, substandard products, waste products, and expired products in the production, transportation, sale, storage, use, maintenance, utilization, remanufacturing, and other processes of all kinds batteries are included in the policy. Waste lead-acid batteries, lithium-ion batteries, nickel hydrogen batteries, nickel cadmium batteries, and mercury containing button cell are focused on.
Recycling enterprises are encouraged to use "Internet of
Things plus" and other information technology to establish a complete waste battery collection system. Battery manufacturers are encouraged to fulfill the extended producer responsibility. Consumers are encouraged to send waste batteries to the corresponding waste battery collection points. 3. Effective waste battery packing measures should be taken to prevent the leakage of toxic and harmful substances during transportation. Pre-discharging, independent packaging, and other measures for waste LIBs before the transportation are required to prevent environmental risks caused by impact or short circuit explosion. Dumping and discarding waste batteries during transportation is forbidden. 4. Safety testing and light-resistant storage should be carried out before the storage of waste LIBs. The environmental temperature of the storage place should be controlled to prevent the environmental risks caused by spontaneous combustion. 5. Open burning, simple incineration, and rough extraction of metals from waste batteries are banned. Waste LIBs should be disassembled at low temperature in order to prevent the volatilization of electrolyte. Acid/alkali dissolution-precipitation, efficient extraction, fractional precipitation, and other technologies are encouraged to recover valuable metals from waste LIBs. 6. Waste batteries should be avoided in the domestic waste incineration plant or the composting plant. In the process of landfill disposal of waste batteries, waste batteries should not be disassembled, rolled, and crushed, and the integrity of waste batteries should be ensured to reduce and prevent the leakage of harmful substances.
7. Intelligent dismantling, crushing, sorting, high value-added, and full-components utilization of waste batteries are encouraged. The utilization technology for separators and electrode materials, and the membrane separation technology for electrolytes from waste LIBs should be developed and used.
Through many years of effort and development, China has made much progress in waste LIB management. However, China was still lagging behind the developed countries, due to lack of a complete collection system, mature recycling technology, and detailed guidance for both consumers and producers of lithium batteries in China.
Recycling technologies of spent LIBs
Many countries have paid attention to waste LIB management. At the same time, many scientific research workers have developed series of waste LIB recycling technologies to recycle valuable materials and eliminate environmental risks.
The configurations of a LIB are shown in Figure 1 (Tarascon and Armand, 2001) . The primary components of a LIB are a plastic and metallic shell, a cathode and an anode, a separator and organic electrolyte.
Shells of LIBs are usually made up of single components such as common stainless steel, nickel plated steel, or aluminum plastic shell. The cathode electrode is composed of an aluminum current collector, active cathode material, electric conductor, organic binder (polyvinylidene fluoride (PVDF), sodium salt of carboxymethyl cellulose, and styrene-butadiene rubber) and additives. Active cathode materials are usually lithium-bearing metallic oxides, such as LiCoO 2 , LiMn 2 O 4 , LiNiO 2 , LiPePO 4 , LiNi x Co y Mn z O 2 , etc. The anode electrode is composed of a copper current collector, active anode material, electric conductor, binder, and additives. Natural graphite is preferred as an anode material because of its low cost, high coulombic efficiency, and high capacity (Gallego et al., 2014; Zhang et al., 2016a) . Lithium salt liquid soluble in organic solvent is one of the most common types of liquid electrolyte for LIBs. Possible electrolyte salts are LiPF 6 , LiBF 4 , LiCF 3 SO 3 , or Li(SO 2 CF 3 ) 2 (Zeng et al., 2014) . Polyolefin materials, such as polyethylene and polypropylene, are widely used as separators of LIBs .
In this work, the LiCoO 2 /graphite battery is chosen as our research objective. From the structure and material composition of discarded LIBs, it can be noted that cathode and anode electrodes are non-homogeneous and complex, and contain valuable metals. The separation and refining of these electrode materials have been both the focus and the difficulty of waste LIB recycling.
Separation of electrode components
Many separation technologies have been developed to enrich and reclaim metallic foils and active electrode materials, such as mechanical treatment (Pagnanelli et al., 2016 (Pagnanelli et al., , 2017 , thermal treatment (Meshram et al., 2015a) (Chen and Zhou, 2014) and solvent dissolution (He et al., 2015; Li et al., 2010a) .
Mechanical/physical methods. The mechanical/physical method usually includes two stages: comminuting and separating. When electrode components are shredded to the proper granularity, varieties of materials can be liberated from one another. Subsequently, these materials can be separated from each other, on the basis of differences on physical characteristics of materials in non-homogeneous compounds, such as particle size, shape, density, electric conductivity, magnetism, etc. (Cui and Forssberg, 2003; He et al., 2006) .
Considering distinguished physical properties of metals such as strength, ductility, and toughness, a shear crusher was exploited to cut spent LIBs into pieces. Then comminution was carried out by an impact crusher which has an air isolating crushing chamber (Zhang et al., 2014a) . On the basis of marked shape differences, after screening, crushed products could be divided into three parts: Al-enriched fraction (>2 mm), Cu and Al-enriched fraction (0.25-2 mm), and Co and graphite-enriched fraction (< 0.25 mm) (Zhang et al., 2014c) . Al and Cu were dissociated from LiCoO 2 and carbon materials. Due to the opposite surface wettability, respective fine powders of LiCoO 2 , and graphite can be separated and obtained by flotation. The recovery rates of Cu, Co, Al were up to 90.44%, 94.39%, and 94.14%, respectively (Zhang et al., 2014c) .
Because of the relatively weak bonding force between graphite and Cu foil on the anode, they could be effectively partitioned by striking, pulverizing, and sieving (Zhou et al., 2011) . With the marked density difference between metals and non-metals in electrode powders, the heavier metal materials can be effectively separated from non-metals by a density-based separation. For example, pulverization, vibratory screening, and pneumatic separation has been utilized to separate and recover Cu and carbon powders in anodes from spent LIBs (Zhou et al., 2011) . Anode materials were pulverized first and then sieved. The grades of Cu (>0.250 mm) and carbon powder (<0.125 mm) in crushed particles reach 92.4% and 96.6%, respectively, which can be recycled directly (Zhou et al., 2011) . As for particles with low copper grade, pneumatic separation was applied to achieve an effective separation of Cu and carbon particles. When the flow velocity is 1.00 m s −1 , the recovery rate and grade of Cu reach 92.3% and 84.4%, respectively (Zhou et al., 2011) .
Thermal method. In light of active electrode materials LiCoO 2 / graphite linked together with Al/Cu foils using an organic adhesive agent such as PVDF binder, they could be separated from Al/ Cu foils by removal of PVDF binder by the thermal method.
In the study performed by Fouad et al. (2007) , cathodic active materials after shredding could be separated at 150-500°C for 1 h to burn binder and organic additives. The resulting unclean cathode materials could be treated at 700-900°C for 1 h to remove carbon and residual unburned organics if present (Fouad et al., 2007) . The cathode active material in the form of powder was separated from Al foil by heating the latter at 250-300°C for 30 min, which facilitated the detachment of the powder (Meshram et al., 2015a (Meshram et al., , 2015b .
Vacuum pyrolysis was also applied to separate cathode materials from aluminum foils (Sun and Qiu, 2012) . During the pyrolysis process, organic materials (including electrolyte and binder) were evaporated or decomposed to low molecular weight products. As a result, the cathode active materials could not bind foils firmly and could be separated easily from Al foils. The results indicated that cathode powders were peeled completely from Al foils at a temperature of 600°C, a vacuum evaporation time of 30 min, and a residual gas pressure of 1.0 kPa (Sun and Qiu, 2012) . Moreover, Al foils were intact without any scraping processes and could be recovered in their metallic forms. It should be noted that the calcination temperature for electrode active material should be strictly controlled. Organic binder and organic additives could not be eliminated when the temperature was too low. For anode, the temperature should be no more than 700°C in case the graphite should flare up. Meanwhile, some harmful gases, such as HF and fluorocarbon organic compounds, could be produced during calcination, and corresponding countermeasures to prevent environmental pollution should be adopted.
Solvent dissolution method. Similar to the principle of the thermal method, the organic solvent dissolution method can be utilized to remove PVDF binder linking electrode materials together with current collector foils, so as to realize the separation of LiCoO 2 /graphite and Al/Cu foils. N-methyl-2-pyrrolidone (NMP), a chemical compound with five-membered lactam structure, is often used to dissolve PVDF. Small pieces of anode and cathode foils from spent LIBs could be treated with NMP at 100°C to dissolve PVDF binder and effectively separate LiCoO 2 / graphite from their support substrate, which led to Al and Cu foils in metallic forms (Chen et al., 2015) . Then NMP could be repeatedly used after evaporation and reclamation (Chen et al., 2015) . However, NMP vapor at 100°C is harmful and irritating. Thus, it is important to control the temperature and time.
Ultrasonic cleaning can be used as an assisting way to improve the separation effect in laboratory studies. The separation mechanism is ascribed to the acoustic cavitation (He et al., 2015) . He et al. (2015) reported that the recovery rate of cathode materials could achieve up to 99%, under the conditions of NMP as cleaning fluid, a solid:liquid (S:L) ratio of 1:10 g ml −1 , a process temperature of 70°C, at an ultrasonic power of 240 W for 90 min. Additionally, cathode materials separated from Al foils displayed a low agglomeration degree, which was beneficial to the subsequent process for recovery of valuable metals Co and Li (He et al., 2015) .
Refining and value-added technology of LiCoO 2
After separation from metallic current collector foils, those active electrode materials can be effectively refined to improve product utilization value through appropriate technologies. Recovery of Co and Li is the primary objective in waste LIB recycling, since Co, a kind of rare and precious metal, is an admitted strategic resource and Li is also a kind of scarce resource.
Thermal method. Thermal treatment, with simple and convenient operation, could remove PVDF binder and organic additives. Meanwhile, the thermal method has also attracted attention to synthesize LiCoO 2 . For instance, Bahat et al. (2007) successfully synthesized microcrystalline Li/Co ferrite composite of about 0.14 µm crystallite size by treating cathode material at temperature ≥1000°C and for ≥4 h firing time, with Fe 2 O 3 as starting material.
Based on an idea of changing waste into resources of own components from spent LIBs and the theory of oxidation-reduction reaction, Li et al. (2016b) explored the feasibility of the reaction between LiCoO 2 and graphite, and then exploited oxygen-free roasting at 1000°C for 30 min and wet magnetic separation in situ to obtain Co, Li, carbonate, and graphite from mixed LiCoO 2 and graphite powders. After wet magnetic separation, the recovery rate of Co, Li, and graphite is 95.72%, 98.93%, and 91.05% (Li et al., 2016b) .
Mechanochemical method. For extracting useful substances from LIB scraps, the mechanochemical method uses a grinding technique that transforms the crystal structure of LiCoO 2 into a disordered system, enabling the extraction of Co and Li easily by acid leaching at room temperature.
From the concept of recycling useful materials from both wastes of battery and polyvinyl chloride (PVC), Saeki et al. (2004) applied the mechanochemical method to recover over 90% of Co and nearly 100% of Li from the LIB waste. The process consisted of co-grinding LiCoO 2 with PVC using a planetary ball mill in air to form Li-and Co-chlorides mechanochemically in the product, and subsequent water leaching of the ground product, to extract Co and Li. In the grinding stage, mechanochemical reaction between LiCoO 2 and PVC took place to form chlorides which are soluble in water. PVC plays an important role as a chloride source for the mechanochemical reaction. Accordingly, about 90% of chlorine in the PVC sample was transformed into the inorganic chlorides (Saeki et al., 2004) . Wang et al. (2016c) co-grinded LiCoO 2 with various additives, and found that ethylenediaminetetraacetic acid (EDTA) was the most suitable co-grinding reagent. About 98% of Co and 99% of Li were respectively recovered under the following conditions: LiCoO 2 to EDTA mass ratio 1:4, milling time 4 h, rotary speed 600 rev/min, and ball:powder mass ratio 80:1, respectively .
Hydrometallurgy method. The hydrometallurgical method is extensively used to release valuable metals from spent LIBs (Bahaloo- Horeh and Mousavi, 2017; Pagnanelli et al., 2017; Xin et al., 2016; Zheng et al., 2017) . At first, Co and Li are dissolved by acid leaching or biological leaching. Then metals in the solution can be recovered by chemical deposition or electrochemical deposition. Co and Li can also be separated by organic solvent extraction, and then be recovered by electrolysis or by chemical precipitation.
Leaching of Co and Li from cathode materials. Leaching of
Co and Li is the first step of the hydrometallurgy method. Acid leaching and bioleaching have been developed to extract metals from cathode materials.
• • Acid leaching
Inorganic acids (such as sulfuric acid (Pagnanelli et al., 2017; Wang et al., 2016b; Zheng et al., 2016) , hydrochloric acid Tanong et al., 2016) , and nitric acid (Tanong et al., 2016; Yaug et al., 2015) ) are often used in the leaching of LiCoO 2 . Besides, some reductants such as H 2 SO 3 , NH 2 OH, and H 2 O 2 are often used as an auxiliary way to accelerate the reaction speed in the leaching experiment.
Additionally, ultrasonic assisted acid leaching method can improve the leaching efficiency with chemical reagents, and reduce reagent consumptions and environmental pollution. In the work by Jin et al. (2006a) , ultrasonic technology was applied to assist acid leaching of Co from LiCoO 2 with sulfuric acid with mechanical stirring. Mechanical stirring obviously increased leaching efficiency of Co, and the effect of ultrasound is significant under a low concentration of sulfuric acid (<1.0 mol l −1 ) (Jin et al., 2006a) .
However, conventional inorganic acids produce leachates of low pH and inevitably introduce some secondary pollutants such as emission of Cl 2 , SO 3 , and NO x , posing a threat to the environment and making them unfavorable for subsequent waste water treatment. It is important to find an economical and eco-friendly method as well to optimize the current leaching. Unlike inorganic acids, some mild organic acids, such as oxalic acid (Nayaka et al., 2016) , malic acid (Horeh et al., 2016) , and citric acid (Bahaloo- Horeh and Mousavi, 2017; Zhen et al., 2016) , are attracting attention, since they are environmentally benign and can be recirculated in the process. Citric acid and hydrogen peroxide were introduced as leaching reagents for leaching of Co and Li by Li et al. (2010b) , and a recovery of more than 90% Co and nearly 100% Li were achieved by leaching with 1.25 M citric acid solution, 1.0 vol.% hydrogen peroxide, and a S:L ratio of 20 g l −l with agitation at 300 rev/min in a batch extractor within 30 min of the processing time at 90°C.
• • Biological leaching method
Since organic acid leaching liquors from spent LIBs contain valuable metals, complex purification process for separating metals from the solution is costly, and causes a significant concern of extra waste water emission. It is imperative to find an economical and eco-friendly method to optimize the current leaching.
Bioleaching is a specialized bio-hydrometallurgical method. Special selective microbial bacteria metabolic processes could be used to achieve leaching of valuable elements (Bahaloo- Horeh and Mousavi, 2017; Horeh et al., 2016; Xin et al., 2016) .
Aspergillus niger, a haploid filamentous fungus, can be used for bioleaching, with the bioleaching mechanism of its secretion of low molecular weight metabolites, including organic acids. These metabolites helped dissolve metals from batteries. Spent medium bioleaching method was performed using organic acids produced by A. niger to dissolve Co and Li from spent (LIBs) (Bahaloo-Horeh and Mousavi, 2017) . Gluconic acid, oxalic acid, citric acid, and malic acid produced by A. niger were detected. The highest metal recovery of 100% Li occurred at 2% (w/v) pulp density and 64% Co at 1% (w/v) pulp density of LIB powder (Bahaloo-Horeh and Mousavi, 2017) .
Some optimum leaching conditions for dissolution of LiCoO 2 , including inorganic acid, organic acid, and bioleaching are summarized in Table 1 .
Recovery of Co and Li from cathode materials.
After leaching, Co and Li in the solution can be recovered by chemical deposition (Zheng et al., 2016) , solvent extraction Zhang et al., 2016b) , or electrochemical deposition (Freitas et al., 2010; Garcia et al., 2012) .
• • Precipitation method
Based on the valence discrepancy of metal ions, the precipitation method was widely applied to obtain lithium and cobalt with high added value, which is safe, economic, and possesses a higher recovery efficiency. After leaching with a 4 mol l −1 HCl solution, the addition of 1 mol l −1 NaOH to the aqueous solution allowed the selective precipitation of Co (OH) 2 . The remaining Li in the aqueous solution was readily recovered as Li 2 CO 3 precipitated by the addition of a saturated Na 2 CO 3 solution (Wang et al., 2009) . The purity of the recovery powder of Li and Co was 96.97 wt.% and 96.94 wt.%, respectively (Wang et al., 2009 ). The experimental study by Zhu et al. (2012) Spent LIBs were physically pretreated in pilot scale in the work by Pagnanelli et al. (2016) . Electrode powders obtained were leached with H 2 SO 4 + H 2 O 2 system. After primary purification of metal impurities with addition of NaOH, solvent extraction with D 2 EPHA for removal of metal impurities, solvent extraction with Cyanex 272 for separation of Co from Ni, 95% purity of Co was finally recovered as cobalt carbonate with addition of Na 2 CO 3 (Pagnanelli et al., 2016) .
• • Salting out method
The salting out method could supersaturate solution by adding other salts in the original solution and precipitating out some elements so as to recover valuable metals. Saturated ammonia sulfate solution and absolute ethyl alcohol were added into the leachate of LiCoO 2 cathode, and then Co 2+ in the leachate salted out. When the volume ratios of leachate, saturated ammonia sulfate solution, and absolute alcohol were 2:1:3, the salting out efficiency of Co 2+ could be more than 92% (Jin et al., 2006b) . Meanwhile, subsequent purification equipment is required, because the obtained products are not pure, due to the use of salting-out reagents.
• • Extraction method
Many organic solvents are frequently used to separate and recover cobalt and lithium products through the extraction method (Joo et al., 2016) . After acid leaching with the H 2 SO 4 + H 2 O 2 system and precipitation with NH 4 OH to remove other metals, the aqueous solution was submitted to a purification step by liquid-liquid extraction with 0.72 mol l −1 of Cyanex 272 at 50°C. Around 85% of cobalt was separated from the lithium remaining in the solution (Dorella and Mansur, 2007) . After reductively leaching with 2 M H 2 SO 4 and 6 vol.% H 2 O 2 , a S:L ratio of 100 g l −1 at 60°C and 300 rev/min, Co was selectively extracted from the purified aqueous phase by equilibrating with 50% saponified 0.4 M Cyanex 272 at an equilibrium pH ≈ 6. The recovery efficiency of Co could be up to 92% (Kang et al., 2010) . After leaching with H 2 SO 4 + H 2 O 2 system, Co ions were efficiently extracted with D 2 EHPA (di-(2-ethylhexyl) phosphoric acid) and PC-88A (2-ethylhexyl phosphonic acid mono-2-ethylhexyl ester), and the purity of cobalt was as high as 99.50% ).
• • Electrochemical method
Compared with other hydrometallurgical processes for recycling metals from spent LIBs, the electrochemical method can achieve the cobalt compound of the highest purity, since it does not introduce other substances and therefore avoids introduction of impurities to the system. Lain (2001) from the industry leader company AEA Technology presented a process which could operate at ambient temperatures, mainly including electrolyte extraction, electrode dissolution and cobalt reduction. The cobalt (III) is reduced to cobalt (II), as lithium is released from the solid structure (Lain, 2001) . Myoung et al. (2002) discovered that cobalt ions, extracted from waste LiCoO 2 by using a nitric acid leaching solution, could be potentiostatically transformed into cobalt hydroxide on a titanium electrode, and cobalt oxide was then obtained via a dehydration procedure. Freitas and colleagues (2007 Freitas and colleagues ( , 2009 Freitas and colleagues ( , 2010 ) also recovered cobalt from spent LIBs by electrochemical techniques and launched a series of discussions on the electrochemical deposition of cobalt, the change of pH value in the electrochemical reaction and the effect of pH on the formation of crystal.
Renovation of LiCoO 2 . After multiple charging and discharging cycles, LiCoO 2 suffers from a fast degradation, and the electrochemical characteristics fall sharply. Dissolution and irreversible structural change of the redox-active materials and blocking of the passages for the movement of lithium ions from the cathode to the anode by organic impurities from organic binders and electrolytes are generally believed to be the main reasons for fast capacity degradation (Dai et al., 2015) .
In consideration of capacity degradation reasons, LiCoO 2 could be reused through the renovation of the layer structure and the removal of organic impurities. LiCoO 2 could be renovated and simultaneously separated from spent cathode electrodes using a hydrothermal method based on the dissolution-precipitation mechanism in a 5.0 M LiOH solution at 200°C for 20 h without any scraping procedures (Kim et al., 2004) . The renovated LiCoO 2 exhibited the first discharge capacity of 144.0 mAh g −1 and the discharge capacity retention of 92.2% after 40 cycles (Kim et al., 2004) .
However, because the hydrothermal experiment was carried out in alkaline media at 200ºC for 20 h, such hydrothermal corrosion was significant, and thus special corrosion resistant equipment for handling was required. Ra and Han (2006) recovered and renovated LiCoO 2 using electrochemical and hydrothermal reaction, called Etoile-Rebatt technology, through selective dissolution and precipitation at 40-100°C in an open system in 4 M LiOH and KOH solution. Renovated LiCoO 2 exhibited a prospective electrochemical activity with an initial discharge capacity of 134.8 mAh g −1 and discharge capacity retention of 95.9% after 50 cycles (Ra and Han, 2006) .
In the practice of trying to renovate LiCoO 2 , the ultrasound technology seems to be a novel approach. The ultrasonic cavitation effect can generate transient and local high temperature and pressure, as well as the hydroxyl radical with strong oxidability, which can be used to renovate LiCoO 2 in one step. In the work of our research team, failed LiCoO 2 powders were renovated by means of ultrasound radiation under hydrothermal conditions in a concentrated LiOH solution with a S/L of 1/70-1/60 g ml −1 at 80-120°C, ultrasonic power 600-999 W, and ultrasonic radiation time 6-12 h (Zhang et al., 2014a (Zhang et al., , 2014b (Zhang et al., , 2015b . Experimental results showed that renovated LiCoO 2 had a high degree of crystallinity, fine layered structure, good dispersion of particles, and improved electrochemical cycle performance. The renovated LiCoO 2 phase exhibited first discharge capacity of about 133.0 mAh g −1 and discharge capacity retention of over 98.0% after 50 cycles, which could reach electrochemical properties of commercial batteries (Zhang et al., 2015b) .
Recycling strategy of all-components from spent LIBs
As described above, scientists have developed many spent LIB recycling technologies involving the recovery of cathode materials to obtain valuable metals, but the recycling of other components such as plastic and metallic shells, separators, especially anode graphite, have not been clearly described in the existing literature. Compared with LiCoO 2 , the recovery and utilization value of anode graphite from waste LIBs is relatively low, so that they did not attract attention for quite some time. With the rise of new energy and new materials industry, graphite, especially downstream processing products, is attracting more attention. Graphite is gradually becoming an important material in national defense, aerospace, new materials, and other high-tech fields. For this purpose, graphite was classified as an important strategic resource and exploitation was restricted by many countries in the world. Widespread and heavy exploitation of graphite will lead to resource depletion. Recycling graphite from waste products will be an inevitable choice. Containing 12-21% carbon, spent LIBs are well worth recycling (Moradi and Botte, 2016) . Therefore, it is essential to develop recycling and refining methods for anode graphite from spent LIBs.
Based on the analysis of recycling technologies, the all-components recycling strategy for spent LIBs is put forward (Figure  2 ), including four parts: (a) discharging of spent LIBs, (b) dismantling and classification, (c) separation of electrode materials, and (d) refining and value-added technology of LiCoO 2 and graphite.
• • Discharging of spent LIBs A little residue power remained in end-of-life LIBs. To prevent short-circuiting and self-ignition, spent LIBs were first fully discharged , and the common method is to place spent LIBs in salt solution (Li et al., 2016c ).
• • Dismantling and classification
After discharging, spent LIBs were disassembled by manual or mechanical method with shell-breaking equipment, and classified into plastic and metallic shells, cathode electrodes (LiCoO 2 and Al foil), anode electrodes (graphite and Cu foil), and organic separators to simplify further treatment. The high purity plastic and metallic crusts and the organic separators comprise relatively homogeneous components. They can be directly centrally collected, compacted, and then sent to specialized plants for further reuse in new products.
Due to strong volatility, a very small amount of organic liquid electrolytes was detected after the battery was discharged in salt solution and then dismantled. They mainly dispersed in electrode and separator pores after multiple charge and discharge. Little electrolyte was deemed worthless and disposed of in any way possible.
In spent LIB recycling practice, selective disassembly is an indispensable process, since it is important to dismantle highly valuable components and high grade materials in order to simplify the sequent recovery materials (Cui and Forssberg, 2003) . Due to high flexibility, manual disassembly aided by tools is currently the main dismantling process.
With the rapid development of mechanization, the mechanical and automatic dismantling of WEEE is recently becoming a hot spot. Nowadays some new attempts to automatically disassemble mobile phones are emerging. Apple designed an automatic and elaborative dismantling line of robots, which can take apart up to 1.2 million phones a year (Apple, 2016) . Elaborative dismantling via full automatic machines is expected to be the desired ideal operation for spent LIB recycling and requires further research.
• • Separation of electrode components
After dismantling and classification, non-homogeneous and complex electrodes components constitute the major value of a spent LIB, which has been both the focus and the difficulty of waste LIB recycling. Al/Cu foils and active electrode materials LiCoO 2 /graphite can be enriched and reclaimed via proper separation technologies.
Mechanical/physical separating technologies have been widely used as a mainstream technology in the recycling of WEEE in industry, due to their simple principle and easier operability. Meanwhile, since electrode components from spent LIBs are composed of various materials, separated chemical components are still mixed materials after comminution, separation, and enrichment. Subsequent refining and value-added technologies could be used in conjunction with the mechanical/physical separation method to improve the separation efficiency and the quality of recycled products.
With the advantage of the simple principle and convenient operation, thermal treatment has also been widely used in WEEE treatment to burn PVDF binder and then separate Al/Cu foils and LiCoO 2 /graphite. At the same time, some harmful exhaust gases are produced from combustion of carbon and organic compounds in calcination processes, so that corresponding purification equipment should be adopted to prevent environmental pollution.
The solvent dissolution method could effectively remove organic binder and realize the separation of LiCoO 2 /graphite and Al/Cu foils. However, the high price and poisonous quality of solvent extractants limited its development and application in industry. Additionally, it costs much time and energy to separate these solvent extractants from PVDF for repeated use, and the treatment of residual residue after separation is also a problem to be solved. Therefore, much more effort needs to be made before the wide application of the solvent dissolution method in industry. It is vital to select appropriate and cheap solvent extractants for widespread use of this method.
In view of this analysis, mechanical/physical separation and thermal separation are recommended to separate electrode components for WEEE enterprises in our all-component recycling strategy shown in Figure 2 .
• • Refining and value-added technology of LiCoO 2 After separation from Al foils, active cathode materials LiCoO 2 can be refined to improve product utilization value through appropriate technologies.
As described above, thermal refining of LiCoO 2 has been widely used in industry, and waste smoke and gases generated must be well treated with corresponding environmental protection equipment.
In view of characteristics of the grinding technique and the addition of grinding additives, a mechanochemical approach could markedly improve the recovery rate of Co and Li with a simple principle, easier operability, and a reduction of the plastic pollution. However, since reactants cannot contact fully and evenly, and the stoichiometric ratio of reactants is not easy to regulate, the performance of obtained products is not stable. Moreover, the mechanochemical method costs much time and electrical energy, which limits the wide application of the mechanical approach in industry.
Owing to several advantages, such as low energy consumption, ease of operation, low emission of toxic gas and lower costs, the hydrometallurgy method has been extensively used for LiCoO 2 refining in industry. In terms of acid leaching, the H 2 SO 4 + H 2 O 2 system is most frequently used, as shown in Table 1 . Mild organic acids can have almost the same leaching efficiency and reaction conditions with inorganic acids for metal dissolution (Table 1) . Bioleaching of metals demands much more time, and the recovery rates of Co and Li are relatively low (Table 1) . Hence, it is essential to improve the reaction conditions and the recovery efficiency of bioleaching to meet the industrial scale in the future.
As for recovery of Co and Li in the solution, with advantages of safe, economic and good recovery efficiency, precipitation, and salting out have been widely applied to obtain Co and Li products with high added value. The solvent extraction method can obtain higher recovery rates and better purities of products, and it is also important to select appropriate and cheap solvent extractants and eliminate the secondary pollution caused by organic solvent extractants. Without the introduction of impurities to the system, the electrochemical method can achieve cobalt products of high purity. However, recycling Co by the electrochemical method consumes much time and much electric energy, which restricts its wide application in industry.
Therefore, the hydrometallurgy method inevitably consists of complicated multistep procedures and consumes many chemical reagents which could cause corrosion and solvent waste. Consequently, corresponding environmental treatment equipment is required to eliminate the pollution caused by heavy use of chemical reagents.
Based on the failure mechanism of LiCoO 2 , the ultrasound hydrothermal technology seems to be a promising, cost-effective, and environmentally friendly technology to renovate and reuse LiCoO 2 in a short time and with simple procedures. It is worth introducing this method for WEEE treatment enterprises with advanced ultrasonic hydrothermal renovation equipment. Since these attempts are still in the laboratory stage, further investigations and improvements on ultrasound hydrothermal renovation of LiCoO 2 are needed to realize its wide use in industry.
Given the above analysis, the thermal refining method, hydrometallurgy method, and ultrasonic hydrothermal renovation are recommended to refine LiCoO 2 to improve product utilization value for WEEE enterprises in the all-component recycling strategy shown in Figure 2 .
• • Refining and value-added technology of graphite With rich and extraordinary physical properties, graphene has become an intensively researched material (Hu et al., 2016) . According to our research, graphite from discarded LIBs still possesses the complete layer structure, and the embedding of some oxygen-containing groups between layer structures is more conducive to the preparation of graphite oxide . Based on this cognition, our research group successfully prepared graphene with purified graphite powders from spent LIBs by the oxidation-reduction method, which markedly improved the comprehensive resource recovery and utilization of waste LIBs (Xia, 2014) . At first, graphite powders were oxidized to obtain the precursor graphite oxide, under the following reaction condition: 15 ml g −1 concentrated H 2 SO 4 , 2.5 g g −1 KMnO 4 , 120 min at 35°C (Xia, 2014) . Then, graphite oxide was dispersed in NaOH solution and treated with the ultrasonic technology. Stable colloid graphene oxide products from the centrifuge were obtained at pH = 11. Finally, graphene oxide was reduced using N 2 H 4 · H 2 O to yield graphene with a single sheet thickness of 0.9 nm (Xia, 2014) .
Additionally, it was found that anode graphite of spent LIBs contains a comparatively high content of lithium Meshram et al., 2014; Xia et al., 2013) . Guo et al. (2016) purified anode graphite and recycled 99.4 wt.% of Li from anode graphite at a leaching temperature of 80°C, 3 M hydrochloric acid, and a S:L ratio of 1:50 g ml −1 for 90 min. After removal of Li, graphite with a better crystal structure is conducive to the preparation of value-added graphite products .
Based on the above analysis, each separation and refining technology has its own principle, economic cost, development degree, energy consumption, environmental impact, and thus applicable occasion. Just a single kind of recycling process cannot complete the recycling targets of spent LIBs. After discharging and dismantling, different enterprises can select proper separation and refining methods to recycle all components from spent LIBs, according to both the characteristics of different types of waste LIBs and their own actual situations, in order to obtain the optimized recycling efficiency.
Conclusion
Wide application of LIBs resulted in increasing discarded LIBs. In order to meet the situation, many countries have put much effort into spent LIB management over recent years. Some successful experiences could be valuable references for the management of spent LIBs throughout the world. After years of development, China has made much progress in waste LIB management. However, China was still lagging behind the developed countries, due to lack of the complete collection system, mature recycling technology and detailed guidance for both consumers and producers of lithium batteries in China. A few suggestions are made to improve this situation: (a) to enact specific law or regulation to regulate spent LIBs recycling; (b) to establish a complete waste battery collection system with the help of "Internet of Things plus" and other information technology; (c) to encourage battery manufacturers to fulfill the extended producer responsibility, and to encourage consumers to send waste batteries to the corresponding waste battery collection points.
On the basis of the structure and components, all valuable components of spent LIBs can be recycled through integrated processes. In this all-component recycling strategy, after discharging and dismantling, high purity crusts and organic separators can be recycled directly. LiCoO 2 and graphite can be separated from Al and Cu foils via a mechanical/physical method and a thermal method in industry, and metallic foils can be recycled directly. Then LiCoO 2 can be refined to improve product utilization value by a thermal method, a hydrometallurgy method, and ultrasonic hydrothermal renovation, and anode graphite can be used to prepare graphene and composite materials. This allcomponent from spent LIBs recycling strategy is helpful to ease resource shortage, eliminate environmental risk, and realize the win-win situation of economic and environmental benefits.
In addition, with the rapid development of science and technology, LIBs are being continually upgraded and replaced by new products. In view of this, the management practice including the corresponding regulations, collection and recycling system, and the research and development of intelligent dismantling, separation, and refining technology, and equipment for recycling spent LIBs should be ceaselessly strengthened, in order to deal with new problems brought about by new products.
